Study by light microscopy, scanning electron microscopy and transmission electron microscopy of the distribution, structure and growth of ceratotrichia in the anterodorsal fin of a lemon shark, Negaprion breuirostris, and in the tailfin of a nurse shark, Ginglymostoma cirratum, shows that the ceratotrichia are large collagen fibers which develop in bilateral rows within the dermis. Surrounding each ceratotrichium is a layer of peritrichial fibroblasts containing secretory vesicles, which appear to be the source of matrix constituents. The peritrichial matrix contains bundles of fine, unbanded collagen fibrils as well as larger, banded fibrils like those in the matrix of ordinary connective tissue. The structure of the peritrichial fibroblasts and of the subjacent peritrichial matrix is the same as that of the fibroblasts and matrix of the conventional connective tissue throughout the fin dermis. Ceratotrichia grow by apposition of collagen fibrils from the peritrichial matrix. In cross section the ceratotrichia appear layered, evidently because of close packing of constituent fibrils in lamellae. In longitudinal section the ceratotrichia exhibit the conventional a, b, c, dand e bands of collagen. The e bands show two distinct subbands, and the b bands three subbands. Periodicity of the banding pattern is approximately 640 A like that of conventional collagen fibrils.
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Beyond their endoskeletal fin rays the fins of sharks are supported bilaterally by large dermal fibers called ceratotrichia (Goodrich, '04 ). I t is clear that these fibers are homologous with the fibrous rays called actinotrichia, which are localized a t the distal ends of bony rays in teleosts and also within the adipose fins of salmonids, siluroids, characins, synodontids and certain other fish (Brohl, '09; Garrault, '36; Bear, '52; Fitton Jackson, '62, '68; Kemp and Park, '70;  Bouvet, '74; Geraudie, '77). I t is equally clear that ceratotrichia and actinotrichia are members of the collagen class of scleroproteins (Bear, '52; Ysuchiya and Nomura, '53; Gross and Dumsha, '58; Gross, Dumsha and Glazer, '58; Sastry and Ramachandran, '65; Kimura and Kubota, '66; Dubey, '67) .
The name elastoidin was given to the protein of shark fibers by Krukenberg (1886) because it had properties he considered intermediate between those of collagen and elastin. He found that elastoidin fibers, unlike mammalian collagen, contained a significant amount of sulfur and did not yield gelatin when boiled with water. Unlike elastin, the elastoidin fibers were not digested by pancreatic trypsin. Elastoidin fibers (ceratrotrichia) vary with the size of a shark. They may be up to 30 cm long and several millimeters wide in large sharks (Schmidt, '24; '36a, b; Damodaran et al., '56) . They are shiny and transparent, and may be yellowish or brownish in contrast to the white ordinary connective tissue surrounding them. They are spindle-shaped, tapering to fine points a t either end. Their surfaces show longitudinal striations. Cross sections show peripheral grooves and layers of concentric lamellae.
Evidence from X-ray diffraction, chemical analysis and electron microscopy has established the collagenous nature of ceratotrichia. They yield wide-angle or low-angle diffraction patterns characteristic of collagen (Champetier and Faure-Fremiet, '37; Bear, '52; McGavin, '62). Engeland and Bastian ('38) identified glycine, alanine, serine and hydroxyproline in an acid hydrolysate of elas-toidin fibers. An amino acid analysis by Damodaran et al. ('56) showed that these fibers had a hydroxyproline content similar to that of collagen from teleost fishes; however, they differed from other collagens in containing 0.35% cystine and a relatively high amount of tyrosine (7.15%). Gross and Dumsha ('58) found that elastoidin yielded a water-soluble gelatin on autoclaving, plus a water-insoluble residue rich in tyrosine. They concluded that elastoidin is a two-component mixture composed of collagen and 14-26% of a non-collagenous protein. They also reported that elastoidin fibrils contained 0.77% carbohydrate. Kimura and Kubota ('66) have reported that an acid soluble fraction of elastoidin fibers contained 45% typical collagen and 55% non-collagenous protein. In their view the latter protein probably serves to bind collagen fibrils closely together and thereby contributes to the reduced solubility and higher thermostability of elastoidin as compared with ordinary collagen. Tyrosine derivatives in the non-collagenous protein may participate in cross-linking (Kimura and Kubota, '68, '69). Sastry Kemp and Susko, '71) has confirmed that elastoidin is crossbanded with the periodicity of collagen. This paper describes details of the banding pattern in sectioned shark ceratotrichia and compares fibrillogenesis in these fibers and in conventional collagen fibrils of the fin.
MATERIALS AND METHODS
A wedge of tissue containing the distal tips of ceratotrichia was excised from the tip of the tailfin of a live nurse shark, Ginglymostoma cirratum, approximately 45 cm in length, provided for this purpose by Doctor Perry M. Gilbert during a visit with him a t the Mote Marine Laboratory, Sarasota, Florida. In addition, blocks of tissue about 2 mm thick were excised from the margin of the leading edge of the anterodorsal fin of a small ha. 40 cm) lemon shark, Negaprion brevirostris, by Doctor I. Kaufman Arenberg, who obtained the tissue while he was engaged in a research project a t the Lerner Marine Laboratory, Bimini, Bahamas. Nurse shark tissue for light microscopy was fixed in Bouin's fixative, and for electron microscopy in 6.25% glutaraldehyde buffered with 0.1 M phosphate buffer at pH 7.4. Lemon shark fin tissue was fixed in 5% glutaraldehyde in shark phosphate buffer (Long et al., '68) a t pH 7.4. After transportation to Ann Arbor, Michigan, fin samples in glutaraldehyde were stored in a refrigerator for variable periods up to four years.
Nurse shark tissue for light microscopy was dehydrated with ethanol, cleared in amyl acetate, embedded in paraffin, sectioned with a Spencer rotary microtome, and stained with hematoxylin and eosin. Photomicrographs were taken on 4-x 5-inch Kodak Contrast Process Ortho film mounted in a Spencer camera. For scanning electron microscopy a glutaraldehyde-fixed block from the lemon shark fin was sectioned with a razor blade. The smooth-surfaced, thick section thus obtained was washed in water, dehydrated in ethanol and air-dried. It was then mounted on an aluminum stub with Duco cement and gold-coated. Scanning electron micrographs were taken with Polaroid Type 55 P/N 4-X 5-inch film on a JEOL scanning electron microscope, model JSM-U3, operating a t 15 kv.
Glutaraldehyde-fixed tissue for transmission electron microscopy was washed in 0.1 M phosphate buffer, post-fixed for two hours in cold 1% OsO, in the same buffer a t pH 7.4, dehydrated with ethanol, cleared with propylene oxide, and embedded in Epon 812. Blocks were oriented for cross or longitudinal sectioning of ceratotrichia, and thin sections were cut with a Dupont diamond knife mounted on an LKB Ultrotome. Sections were mounted on 200-mesh copper grids and stained with uranyl acetate and lead citrate. Electron microscopy was performed with an RCA EMU-3E electron microscope operating a t 50 kv.
RESULTS

General histology of fin tissue
Cross sections from the margin of the anterodorsal fin of Neguprion breuirostris (figs. 1,2) or the tip of the tailfin of Ginglymostoma cirratum (figs. 3, 4) show a bilateral disposition of ceratotrichia within the dermis. At the levels of section the lemon shark fin had several rows of ceratotrichia on either side of the central zone of ordinary connective tissue, whereas the nurse shark ceratotrichia were only in single rows. The ceratotrichia vary in size, measuring up to diameters of 200 p and 60 in these specimens of lemon shark and nurse shark respectively.
The interior of the fin between the rows of ceratotrichia, as well as the outer portions of dermis between ceratrotrichia and epidermis, is composed of ordinary connective tissue consisting of fibroblasts and a collagenous matrix (figs. 1-41. Fibroblasts around the ceratotrichia form a flattened peritrichial layer ( fig.  4) . Placoid scales are embedded in the dermis and protrude through the epidermis (figs.
Structure of ceratotrichia and surrounding
Connective tissue 1, 3).
Banding patterns
The banding patterns of ceratrotrichia and of conventional collagen fibrils in the tailfin of Ginglymostoma are illustrated in figures 5 and 6. In both fibrillar types the major periodicity is the same, approximately 640 A, but staining characteristics of subbands appear to differ slightly. The most heavily stained bands are the a bands, classified according to Hodge's ('67) terminology. In ceratotrichia ( fig. 5) , these bands are sharply distinct, whereas in the conventional fibrils ( fig. 6 ) the a bands are obscured by heavy staining on either side of them. Next in prominence of staining are the d bands, about 0.4 of the distance from one a band to the next. Two well defined e bands are localized between a and d bands. On the opposite side of the d band, within an electron-lucent zone is the narrow c band. Close to the a band on the side opposite the e bands are three b subbands.
Sections of conventional collagen fibrils adjoin the ceratotrichium ( fig. 5) . These fibrils vary in size and contain varying numbers of protofibrils. Electron-lucent matrix surrounding individual collagen fibrils is undoubtedly rich in proteoglycans and tropocollagen molecules. Although the ceratotrichium is cut longitudinally and the small collagen fibrils chiefly across in figure 5, it looks as though fibrils in direct contact with the ceratotrichium are fusing with it. There is sufficient space between fibrils contacting the ceratotrichium, however, so that carbohydrate, tropocollagen or non-collagenous protein molecules might also bind to it and contribute to its growth. As new units join the ceratotrichium, interfibrillar space disappears and the fiber acquires its characteristic banding pattern.
Conventional collagen fibrils from the interior connective tissue a t some distance from a ceratotrichium are illustrated in figure 6 . Fibrils run in bundles within which the constituent fibrils are approximately parallel to one another. It is noteworthy, however, that different fibrils within the same bundle may have opposing anisometry. In some, bands a to e are oriented toward one end of the fibril, whereas in others the bands are in the opposite polarity ( fig. 6 ). Within ceratotrichia, on the other hand, the bands always are in the same polarity throughout the width of the fiber. Conventional fibers may grow to some extent through fusion of smaller fibrils, as indicated by points of bifurcation ( fig. 6 ), but they tend to remain separate from surrounding fibrils within the non-collagenous matrix surrounding them.
Fibrillogenesis
Both conventional collagen fibrils and ceratotrichia are products of fibroblasts. Although the fibroblasts are dispersed throughout ordinary connective tissue, they surround the ceratotrichia in a peritrichial layer. Between peritrichial fibroblasts and the edge of a ceratotrichium is an assembly zone where collagen fibrils polymerize ( figs. 7-12) . Figure  7 illustrates a peritrichial fibroblast with its zone of assembly and adjacent ceratotrichium on one side, and a region of polymerization of ordinary collagen fibrils on the opposite side. The earliest fibrils which develop in the assembly zone beside a ceratotrich are clustered in electron-dense bundles ( figs. 7,8, 10,12) . At this stage they are about 100 A in diameter and unbanded. As they reach a diameter of about 200 A, banding becomes evident. Fibrils may be oriented in various directions relative to the longitudinal axis of a ceratotrichium; thus they may be cut in cross section (figs. 8, 11) or in longitudinal section (figs. 9, 10, 12) alongside a ceratotrichium.
The peripheral cytoplasm of fibroblasts contains many spherical vesicles. Probably they contain tropocollagen and other constituents of the matrix to be secreted extracellularly. With respect to these vesicles, there is no apparent difference in the morphology of peritrichial fibroblasts (figs. 7,11,12) and of fibroblasts of ordinary connective tissue ( figs. 13,  14) .
A striking distinction between ceratotrichia and conventional collagen fibrils is the elimination of extrafibrillar matrix in the former. As narrow collagen fibrils become apposed to the surface of a ceratotrichium (figs. 9, 10, 121, the electron-lucent matrix between them is eliminated. There is no evidence that components of the extrafibrillar matrix are preferentially excluded from the growing ceratotrichia; nor is there visible evidence that any unique component not found in ordinary connective tissue contributes to polymerization of the ceratotrichia. Electron microscopy has not thus far revealed the localization of any carbohydrates or non-collagenous proteins which might be intercalated between collagen fibrils as they become bound to the surface of developing ceratotrichia.
DISCUSSION
Fish fins develop as outgrowths of the body wall and in their distal portions are essentially folds of skin. Within the dermal component fibroblasts are the principal cell type, and collagen is the principal protein of the connective tissue matrix. In elastoidin approximately 80% of the protein is collagen, the remainder being non-collagenous protein rich in tyrosine (Kimura and Kubota, '68). Shark fin soup, which contains the fibrous ceratotrichia (Ysuchiya and Nomura, '53) is principally a collagenous suspensoid. What regulates whether collagen in the shark's fin will polymerize in the form of conventional collagen fibrils or in the form of the much larger ceratotrichia ?
It is well known that collagen can repolymerize from solution in vitro into fibrils of various types (unbanded, native type, segment long-spacing, fibrous long-spacing) or into membranes, depending on the environmental conditions during fibrillogenesis (Gross et al., '55 ; Olsen, '67). Recent studies on intermolecular crosslinking of collagen molecules have implicated aldimine double bonds, or the more stable reduced aldimine bonds, between lysine and hydroxylysine residues of adjacent molecules as important in fibrillar stability (Bailey et al., '74; Pinto and Bentley, '74) . Intermolecular covalent bonding between collagen subunits undoubtedly accounts partly for collagen fibrillogenesis, and hence for polymerization of ceratotrichia.
Proteoglycans and non-collagenous proteins must also be considered as participants in the binding of collagen into fibrils and fibers. Gross and Dumsha ('58) considered it an open question whether the carbohydrate moiety of connective tissue "is an intrinsic part of the collagen molecule or became bonded to the fibril as an innocent bystander." Galactosyl and glucosyl-galactosyl residues may be crosslinked with polymerized collagen, and carbohydrates may show progressive increase in binding to collagen with increasing age (Bailey et al., '74) . Bouteille and Pease ('71) have shown that collagen from rat tail tendon apparently has a carbohydrate moiety tightly bound to the protein helix. Fitton Jackson ('68) has observed that the glycosaminoglycans of the ground substance probably influence polymerization of collagen. Shark elastoidin fibers analyzed by Gross et al. ('58) contained 0.03%, 0.7% and 0.07% hexose amine, hexose and pentose respectively. Values for these same sugars were nearly the same for carp corium gelatin and for purified cow collagen in their study. Percentages of sugars were significantly greater, however, in extracts from entire corium of carp, cow or calf. Their data indicate that some carbohydrate is tightly bound to collagen but that elastoidin fibers and conventional collagen do not differ greatly in their proportions of carbohydrate.
Although ceratotrichia and conventional collagen fibrils appear to be similar with respect to bound carbohydrate, they differ with respect to their proteins. Sastry and Ramachandran ('65) have summarized their work and earlier studies (Damodaran et al., '56; Gross and Dumsha, '58; Gross et al., '58) showing that elastoidin differs from conventional collagen in the following respects: (1) high content of tyrosine (7.15%); (2) significant amounts of methionine and cystine; (3) relatively low content of hydroxyproline, but an amount equivalent to that of other fish collagens. Although ceratotrichia do not dissolve readily in boiling water, they do yield gelatin after autoclaving (Sastry and Ramachandran, '65). Damodaran et al. ('56) have speculated that the unusually high amounts of cystine and tyrosine in elastoidin might account for its unusual hydrothermal behavior.
Ceratotrichia grow by apposition of small fibrils at their periphery and perhaps also by direct intercalation of tropocollagen molecules. Although chemical evidence, cited above, indicates that carbohydrates and noncollagenous protein may participate in fibrillogenesis of ceratotrichia, electron microscopy has not revealed specific sites which could be interpreted as loci for proteins with special binding properties, e.g., proteins containing tyrosine or tryptophane (Sastry and Ramachandran, '65; Kimura and Kubota, '66, '68) . It is possible though that the staining which distinguishes the lamellae in ceratotrichia observed in cross section ( fig. 10 ) could be partly due to interfibrillar non-collagenous protein cementing concentric layers of collagen filaments. We have observed some differences in the staining properties of ceratotrichia and conventional fibrils. Ceratotrichia were especially difficult to stain with uranyl acetate. Staining several hours at 37OC was necessary in order to obtain good penetration of uranyl ions. With adequate staining the bands of ceratotrichia were sharply distinct, whereas conventional fibrils in the same preparation might show heavier staining on either side of the a band (figs. 5-7). Few available sites for binding uranyl in ceratotrichia perhaps accounts for the difficulty in staining these fibers. Staining with lead citrate after uranyl acetate did not enhance the electron density of bands in ceratotrichia.
Direction of alignment of the anisometric molecules in collagen fibers, whether in parallel or antiparallel array (Bear, '52), is one of the intriguing problems of fibrillogenesis. We have shown previously (Kemp and Park, '70) that fibrils of opposite polarity might fuse to form a single larger actinotrichium in Tihpiu. Constituent fibrils of ceratotrichia, however, appear to have unidirectional polarity throughout their substance. The intermolecular bonding properties which impose this unipolarity are unknown.
As mentioned above, it has been suggested (Fitton Jackson, '68) that polymerization of collagen is probably influenced by the glycosaminoglycans of the ground substance. With respect to teleost actinotrichia, which are homologous to ceratotrichia (Kemp and Park, '701, we speculated that these fibers become large because the rate of production of collagen near the fin margin outstrips the rate for mucopolysaccharides. Such a differential "rate-of-delivery" hypothesis might also apply to the great growth of ceratotrichia relative to conventional collagen fibrils of the shark's fin, although morphological evidence indicates that peritrichial fibroblasts are not different from ordinary connective tissue fibroblasts. If it be true that all fin fibroblasts, i.e., those surrounding actinotrichia or ceratotrichia as well as those of ordinary connective tissue, produce tropocollagen and proteoglycans in the same proportions, then it may be that peritrichial fibroblasts are simply more active in synthesis and secretion of these matrix constituents than are ordinary fibroblasts. They might be more active only a t the beginning of the process of polymerization so that a site of enhanced fibrillogenesis would be established in the matrix enclosed by a group of fibroblasts. Thereafter ordinary activity of the peritrichial fibroblasts, the bonding proclivities of small collagen fibrils and associated molecules when closely appressed, and the factors of compression and tension peculiar to the zones of ceratotrichogenesis in the growing fin could account for continued growth of the ceratotrichia. Their bilateral distribution must be the result of equivalent forces operating bilaterally. Banding pattern in longitudinal sections of conventional collagen fibrils in connective tissue of tailfin of Ginglymostomaat some distance from a ceratotrichium. Direction of anisometry, as indicated by the sequence of bands, is clearly opposite in some fibrils, as, for example, in fibrils f, and f2. Bifurcation of fibrils, as at arrow, probably indicates where smaller fibrils have fused to form a larger one. Cross and oblique sections of conventional collagen fibrils at right show light central zones, probably resulting from incomplete fusion of smaller fibrils. X 115,500.
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11 Ceratotrichium (C) and adjacent connective tissue in lemon shark fin. A thin process of a peritrichial fibroblast (PF) separates the assembly zone of collagen fibrils beside the ceratotrichium from those on its outer side. In this outer matrix are fine, dense fibrils (cf,) and larger, lighter fibrils (cf,). The periodicity of the banded conventional fibril (arrow) is the same as that of the ceratotrichium. v, secretory vesicles.
X 43,090.
12 Periphery of a peritrichial fibroblast (PF) and underlying zone of collagen fibrils adjacent to a developing ceratotrichium (C) in a lemon shark fin. The plane of section is tangential to the irregular surface of the ceratotrichium and shows the transition from conventional fibrils to ceratotrichium along three bands. Fibroblast contains secretory vesicles (v). Fine, unbanded fibrils (cf,) have polymerized near the fibroblast, and larger banded fibrils kf2) run longitudinally beside the ceratotrichium. Note that interfibrillar matrix is eliminated as unit fibrils are incorporated into the ceratotrichium. X 27,640.
